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The narrow-band emission Sr[Li2Al2O2N2]:Eu
2+ red phosphor is a promising candidate for the
next generation of eco-efficient white light-emitting diodes. We combined density functional the-
ory, ∆SCF and configuration coordinate models (CCM) to provide a complete characterization
of this material, from the geometrical, electronic and vibrational properties for both bulk and
doped cases, to its narrow emission behavior, obtained by comparing the electronic ground and
excited states. A simple one-dimensional CCM analysis of the luminescent properties reveals that
Sr[Li2Al2O2N2]:Eu
2+ presents a very small effective displacement between excited and ground state
and a high effective frequency resulting overall in a small Huang-Rhys parameter and bandwidth.
From a more elaborate a multi-dimensional CCM, an accurate description of the coupling of vibronic
structure with the optical 5d→4f transition is obtained, including the partial Huang-Rhys factors
and frequency of the dominant modes. The emission spectral decomposition is dominated by a
mode at 33.7 meV presenting a breathing pattern of the first coordination environment shell around
the central europium atom. The luminescence intensity spectrum computed following both CCM
methods is in agreement with experimental results. Our approach provides a robust theoretical
framework to systematically study the emission spectra of Eu-doped phosphors.
I. INTRODUCTION
To migitate CO2 emission, the use of efficient white
light sources for general lighting is becoming increasingly
important worldwide. In 2019, in its solid state lighting
plan that relies heavily on light-emitting diodes (LEDs)
technology, the US department of energy estimated that
the energy savings could account for about a 5% reduc-
tion in the total primary energy budget of the United
States [1]. One way to manufacture such white light is
to coat a blue or ultraviolet-LED with a phosphor mate-
rial that converts a fraction of the initial high-frequency
photons to lower frequency, the resulting light appearing
white [2].
Among the various phosphor compounds, finding a
highly efficient red emitting phosphor is crucial for a fur-
ther increase in the luminous efficacy while keeping a
high color rendering index. In order to sufficiently cover
the red spectral region while minimizing the efficacy loss
caused by low eye sensitivity at long wavelengths, red
phosphors with very narrow emission bandwidth show-
ing a peak in the optimal red region are needed [3, 4].
In 2019, Hoerder et al. [5] reported the experimental
discovery of a new narrow-band red emission phosphor
Sr[Li2Al2O2N2]:Eu
2+ (SALON) that fulfills such require-
ments with an emission peak located at 614 nm, a full
width at half maximum (FWHM) of 48 nm at room
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temperature and a low thermal quenching of only 4%
at operating temperatures. The fact that the emission
peak is located at a shorter wavelength than its cousin
Sr[LiAl3N4]:Eu
2+ (SLA) [6] enables a gain of 16% in
luminous efficacy compared to SLA, while keeping an
excellent color rendering and thus enabling a potential
leap in the energy efficiency of white emitting phosphor-
converted light-emitting diodes.
It was suggested that the narrow emission band of SA-
LON originates from the Eu2+ optical center with high
local-symmetry environment composed of a nearly cubic
polyhedron of four oxygen and four nitrogen atoms, re-
sulting in an isotropic structural relaxation when Eu2+
is in its excited state [5]. This would reduce the num-
ber of different energetic states involved in the emission
process, leading ultimately to a narrow emission band.
In this paper, our first goal is to provide a theoretical
characterization of SALON from first principles: geomet-
ric, electronic and vibrational properties from density-
functional theory (DFT). Secondly, we aim at under-
standing the exceptional SALON luminescent properties
from a theoretical perspective. For this purpose, we
use the ∆SCF method, that allows one to compute rel-
evant transition energies and atomic configuration dis-
placement induced by the 4f-5d electronic transition, a
method already used for the study of many Ce3+ and
Eu2+ phosphor compounds by Jia et al. [7, 8].
In combination with ∆SCF calculations, we use a
multi-dimensional configuration coordinate model with
the help of a generating function approach to determine
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2theoretically the luminescence intensity spectrum. In-
deed, this multi-dimensional approach allows us to ex-
tract a complete spectral decomposition of the phonon
modes participating to the 5d-4f transition. For this
purpose, we use density functional perturbation the-
ory (DFPT) [9, 10] to compute the phonons modes of
SALON. This approach has been used by Alkauskas
et al. [11] to study the vibronic structure of diamond
nitrogen-vacancy (NV) center and by Lindera¨lv et al. [12]
to study the line-shape of Ce-doped YAG. We analyse
also the photoluminescence (PL) spectrum obtained with
a one-dimensional configuration coordinate model (1D
CCM) that we compare with the multi-dimensional ap-
proach.
The paper is structured as follows. Sec. II is devoted
to theoretical methods: we first briefly present the ∆SCF
approach used in this work and the parameters used for
DFT computations. We then explain how transitions en-
ergies and atomic displacements induced by 4f-5d transi-
tion can be used within a configuration coordinate model
framework. The generating function approach that al-
lows one to predict luminescence spectra is also intro-
duced.
In section III, we present the results of our work. We
start with the preliminary DFT results on structural,
electronic, and vibrational properties of SALON (sub-
sections III A-III C). For each property, we compare the
undoped and the doped case and we provide a compar-
ison with experimental results when available. In sub-
section III D, we present luminescent properties results.
We first identify which phonon mode participates the
most to the optical 4f-5d transition. We then present
the theoretical luminescence spectrum decomposed in all
the vibrational modes (multi-dimensional approach) and
we compare it to the spectrum obtained from only one
effective vibrational mode (one-dimensional approach).
Section IV provides additional discussion, and concludes
this work.
At the level of the luminescent properties, we first find
that the structural change of the coordination environ-
ment of europium atom when going from ground to ex-
cited state is mostly composed of a shortening of Eu-O
and Eu-N bond length, parallel to the initial bond, with
small distortion effect. Within the one-dimensional con-
figuration coordinate model, SALON shows unique prop-
erties: a small effective displacement between the excited
and the ground state and a high effective frequency, re-
sulting overall in a small Huang-Rhys factor Sem = 1.75.
This small coupling leads ultimately to a small band
width. Projecting the atomic displacements induced by
the 4f-5d transition onto the phonon eigenvectors allows
us to identify a phonon mode at 33.7 meV presenting
a breathing pattern around the central europium atom,
that dominates the electron-phonon spectral decomposi-
tion. By adjusting the broadening of the emission lines
we also find that the shape of our theoretical spectrum
agrees well with the experimental one.
II. METHODS
A. DFT calculations and ∆SCF method
Calculations are performed within DFT using the
ABINIT software package [13–16]. Core electrons
are treated with the projector-augmented wave (PAW)
method [17]. The generalized gradient approximation
(GGA-PBE) is used to treat exchange-correlation effects
[18]. For all calculations, crystal structures are relaxed
up to a maximal residual force of 10−5 Hartree/Bohr.
The cut-off kinetic energy for plane waves is 30 Ha. A
2×2×6 Monkhorst-Pack wavevector grid is used for the
electronic wavefunctions of undoped SALON (18 atoms
in the primitive cell). This ensures converged structural
parameters with a precision of 0.5 mHa per atom com-
pared to the asymptotic value for the total energy, and
cell parameters within 0,1 % of the asymptotic values.
The phonon band structure is obtained within DFPT
with a 2×2×6 phonon wavevector sampling.
Calculations on europium-doped SALON are con-
ducted with a supercell technique. After analyzing the
electronic structures of supercell sizes varying from 36
to 108 atoms, it was decided to use a 1×1×3 supercell
composed of 54 atoms corresponding to a 12.5% dop-
ing. This choice results from a compromise between the
repeated-cell-induced residual interaction of Eu2+ ions
through bonding and anti-bonding characters of 5d2z or-
bitals and computational cost. This doping largely sur-
passes the experimental one of only 0.7% [5], but has
been observed in previous similar phosphor studies to
yield sufficiently converged results [19]. The same density
of electronic wavevectors as in the undoped case is used
(2×2×2 grid). A Hubbard U term of 7 eV is added on 4f
states of europium. This ensures the localization of the
4f states in the band gap [20]. Although spin-orbit cou-
pling can present a noticeable effect on the excited state
electronic configuration, it is not considered here. This
work focuses on the lowest excited state of the 4f65d1
multiplet (7FJ , J = 0-6) splitting and does not try to
account for the other states. For supercell calculations,
phonons eigenvectors and eigenfrequencies are only cal-
culated at the Γ point with the europium atom in its 4f
ground state. The corresponding partial phonon density
of states is computed with a Fourier interpolation of the
interatomic force constants on a dense 10×10×10 q-mesh
following the tetrahedron method [21]. The usage of the
Γ point only instead of a 2×2×2 q-grid is supposed to
have a negligible effect on the validity of our results as
dividing by three the q-grid density does not affect con-
siderably the phonon DOS and integrated phonon DOS
of undoped SALON: we compute a normalized integrated
absolute difference of 0.0018 on the integrated DOS (see
supplemental Fig. S4 [22]).
The treatment of the 4f65d1 excited state and the
resulting 5d electron - 4f hole interaction might rely
on the Bethe-Salpeter equation [23] but this would be
too computationally demanding for such supercell sys-
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FIG. 1. Configuration coordinate diagram, see text for de-
tails.
tem. For this reason, we rely on the ∆SCF method
whereby the eigenfunction associated to the highest 4f
state is forced to be unoccupied while the next energy
state (identified as a 5d2z state) is constrained to be oc-
cupied. The electron-hole interaction is here mimicked
through the promotion of the Eu4f electron to the Eu5d
state. By doing that, the seven 4f levels split into one
unoccupied band that stays within the gap, and six oc-
cupied bands that shift downwards, hybridizing inside
the valence band [7]. This methodology has been first
successfully applied to Eu2+ and Ce3+ inorganic oscil-
lators compounds by Canning et al. [24–26] and then
by Jia et al. [19] that estimated the predictive power of
this method for fifteen representatives Eu2+ doped phos-
phors. They obtained an absolute error below 0.3 eV [7]
with respect to experiment on absorption and emission
energies.
Upon absorption, the local environment is impacted
by the excited electron. If we suppose that the electron
is re-emitted quickly after the absorption, it only affects
the local geometry of the crystal and not the macroscopic
state of the crystal, meaning that the lattice parameters
of the crystal will not change [27]. Thus, atomic relax-
ation in the excited state is done at fixed lattice param-
eters obtained in the ground state.
The absorption-emission process can be understood
with the help of Fig. 1. The starting point is the sys-
tem in its relaxed 4f ground state (Ag) with energy Eg
and atomic positions Qg. When a photon is absorbed by
a Eu4f electron, the Eu
2+ ion will be excited to the ex-
cited state (A∗g). The system is now out of equilibrium,
the coordinate has not changed yet but the energy is now
E∗g . Relaxation then takes place due to this new excited
state electronic configuration, phonons are emitted dur-
ing the process. The system reaches a metastable state
(A∗e) with energy E
∗
e and coordinate Qe. Finally, photon
emission occurs through 5d-4f deexcitation and the cy-
cle is completed by a last lattice relaxation with phonon
emission until the state Ag is reached.
From this, we define the absorption energy as
Eabs = E
∗
g − Eg, (1)
the Franck-Condon shift in the excited state accompanied
by phonon emission
EFC,e = E
∗
g − E∗e , (2)
the emission energy
Eem = E
∗
e − Ee, (3)
and the Franck-Condon shift in the ground state accom-
panied by phonon emission
EFC,g = Ee − Eg. (4)
The resulting Stokes shift is given by the sum of the
two Frank-Condon shifts
∆S = (E∗g − Eg)− (E∗e − Ee) (5)
and the associated zero phonon line energy is
EZPL = E
∗
e − Eg. (6)
B. Configuration coordinate model
Within the Born-Oppenheimer approximation, we con-
sider the total energies E({R}) and E∗({R}) (that de-
pend parametrically on the set of atomic positions {R})
as effective potential energies in which ions move, and
describe the ion dynamics using a quantum-mechanical
approach. We first describe how to consider the lumi-
nescence spectrum with a one-dimensional configuration
coordinate model (1D-CCM). In this model, all the com-
plexity of the nuclei vibrations is reduced to one effective
vibrational mode characterized by a generalized config-
uration coordinate Q that interpolates linearly between
atomic coordinates in the ground state system and those
of the excited state system. Deviations from the linear
interpolation can be considered when studying the non-
radiative decay channels, but has been shown to have a
small impact on the luminescence spectrum shape con-
sidered here [28].
In the 1D-CCM, the 4f and 5d Born-Oppenheimer po-
tential energies are displayed as a function of the normal
coordinate Q, or equivalently, the effective displacement
of the nuclei along the normal mode, R. The correspond-
ing ionic configuration is
R(Q) =
Q
∆Q
(Re −Rg) +Rg, (7)
or
R(R) =
R
∆R
(Re −Rg) +Rg, (8)
4with the following parameters: ∆Q, the normal coor-
dinate change from the ground-state geometry to the
excited-state geometry; ∆R, the effective displacement of
the nuclei from the ground-state geometry to the excited-
state geometry. M is the modal mass. They write
(∆Q)2 =
∑
α,i
mα(Re;αi −Rg;αi)2 (9)
(∆R)2 =
∑
α,i
(Re;αi −Rg;αi)2 (10)
M =
(∆Q)2
(∆R)2
, (11)
where i labels the Cartesian axes, α the atoms, Re;αi and
Rg;αi are respectively the atomic positions in 5d excited
and 4f ground state. Within such coordinate system, the
harmonic ground state energy is
E(Q) =
1
2
MΩ2gR
2 =
1
2
Ω2gQ
2 (12)
and the excited state energy is
E∗(Q) =
1
2
MΩ2e(R−∆R)2 + EZPL (13)
=
1
2
Ω2e(Q−∆Q)2 + EZPL. (14)
The associated effective vibrational frequencies are
Ω2g =
2EFC,g
∆Q2
, (15)
Ω2e =
2EFC,e
∆Q2
. (16)
The modal mass M can be understood as an average
of the masses of the atoms involved in the displacement
weighted by the square of the nuclei displacements. All
the parameters are readily available from a ∆SCF calcu-
lations. We can use Eqs. (12) and (14) to compute the
Huang-Rhys factors that indicate the average numbers
of phonons emitted during the relaxation process in the
ground and excited state:
Sem =
EFC,g
~Ωg
=
Ωg∆Q
2
2~
(17)
Sabs =
EFC,e
~Ωe
=
Ωe∆Q
2
2~
. (18)
It is also possible to define the difference in curvature
between the excited and ground state as
∆C = EFC,e − EFC,g. (19)
A large positive value of ∆C favors narrow emission for
a constant value of the Stokes shift, as shown in Ref. [29]
Using a semi-classical treatment, one can estimate the
FWHM of the spectrum by considering the expectation
value of Q and by computing the density of transition as
a function of the emitted energy. At 0 K, the FWHM
W(0) is written as [30, 31]
W (0) =
√
8 ln 2
Sem√
Sabs
~Ωg. (20)
Let us now describe what we refer to as the multi-
dimensional configuration coordinate model (multi-D
CCM). The nuclear motions can be described through
a superposition of 3N normal modes of vibration ν rep-
resented by normal coordinates Qν and a frequency ων
with N the number of atoms in the supercell. The har-
monic approximation is retained: each phonon mode is
independent of each other and the vibrations in the solids
are composed of 3N harmonic oscillators. The vibrational
state χn is expressed as a product of 3N harmonic oscil-
lator eigenfunctions χnν with nν the vibrational state
of the ν-th harmonic oscillator and n the set of 3N vi-
brational state {n1, n2, ..., n3N}. We also consider that
normal modes in the electronic 4f and 5d states are par-
allel in the sense that they do not mix, no Duschinsky
transformation is considered [32] such that we can write
Qν,e = Qν,g + ∆Qν . Making then the Franck-Condon
approximation which state that the transition dipole mo-
ment between excited and ground state depends weakly
on nuclear coordinates, we write the normalized lumines-
cence intensity at 0 K for a given photon energy ~ω as
[11]
L(~ω) = Cω3A(~ω), (21)
with C a normalization constant that is chosen such that
the intensity maximum is unity and A(~ω) the emission
spectral function
A(~ω) =
∑
n
|〈χg,n|χe,0〉|2δ(EZPL + Eg,n − ~ω), (22)
with Eg,n =
∑
ν nν~ωg,ν , the energy of the state χg,n.
Note that, in the 1D-CCM and assuming the same har-
monic curvature in the ground and excited state Ωg = Ωe
such that Sem = Sabs = S, Eq. (22) reduces to
A(~ω) =
∑
n
e−S
Sn
n!
δ(EZPL + n~Ω− ~ω), (23)
In the multi-D CCM approach, the harmonic approxi-
mation allows one to write the 3N-dimensional Franck-
Condon overlap as a product of 3N overlap integrals
〈χg,n|χe,m〉 =
∏
ν〈χg,nν |χe,mν 〉. Indeed at 0 K, all initial
vibrational states are in their lowest state n = 0. We fi-
nally suppose that the Born-Oppenheimer curvatures are
the same in the 4f and 5d state which holds for SALON
as will be seen in Section III. This allows one to further
simplify Eq. (22) since |〈χg,nν |χe,0〉|2 = e−Sν S
nν
ν
nν !
with Sν
the partial Huang-Rhys factor of mode ν [30]. We then
write the transition matrix element as
|〈χ4f,n|χ5d,0〉|2 =
3N∏
ν=1
e−Sν
Snνν
nν !
. (24)
5The quantities that enters Eqs. (22) and (24) are the
phonon frequencies ων and the partial Huang-Rhys fac-
tors Sν . Following the work of Alkauskas et al. [11, 33],
we define the weight by which each mode ν contributes
to the atomic position changes when an optical transition
occurs as pν = (∆Qν/∆Q)
2 where
∆Qν =
∑
α,i
m1/2α (Re;αi −Rg;αi)∆rν;αi (25)
(∆Q)2 =
∑
ν
(∆Qν)
2, (26)
and where ∆rν;αi is the vector that represents the dis-
placement of atom α in phonon mode ν. This vector is
normalized such that
∑
α,i ∆rν;αi∆rl;αi = δν,l. In other
words, the contribution of a mode to the optical transi-
tion is given by the projection of the phonon eigenvector
associated with this mode on the atomic distortion in-
duced by this optical transition, weighted by the atom
mass. We therefore define an effective frequency as
Ω2eff =
∑
ν
pνω
2
ν (27)
where ων is the frequency of the mode ν. The partial
Huang-Rhys factor associated with the mode ν indicates
the number of phonons of mode ν involved in the 4f-5d
transition. Assuming harmonicity, we have
Sν =
1
2ω
2
ν∆Q
2
ν
~ων
=
ων∆Q
2
ν
2~
. (28)
By introducing a spectral decomposition [34]
S(~ω) =
∑
ν
Sνδ(~ω − ~ων), (29)
we can use a generating function approach to evaluate
the spectral function A(~ω) as [35, 36]
A(EZPL − ~ω) = 1
2pi~
∫ +∞
−∞
G(t)eiωt−γ|t|dt, (30)
where the generating function G(t) is defined as :
G(t) = eS(t)−S(0) (31)
S(t) =
∫ +∞
0
S(~ω)e−iωtd(~ω). (32)
The S(0) =
∑
ν Sν is the total Huang-Rhys factor and
the parameter γ represents the homogeneous Lorentzian
broadening of each transition. One can also model inho-
mogeneous broadening due to ensemble averaging with a
convolution of A(~ω) with a Gaussian.
Within this multi-dimensional approach, calculating
the emission spectrum requires to compute in DFT: (i)
the zero-phonon line energy EZPL, (ii) the atomic con-
figuration change induced by 4f-5d transition (Re;α,i −
Rg;α,i), (iii) the phonon eigenvectors ∆rν;αi and eigen-
frequencies ων . The first two are accessible through the
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FIG. 2. 2x2x2 supercell of undoped SALON. Tetrahedra T1
is composed of aluminium coordinated with three nitrogen
atoms and one oxygen atom forming a [AlON3]
8− unit. Tetra-
hedra T2 is composed of lithium coordinated with one nitro-
gen atom and three oxygen atoms forming a [LiO3N]
8− units.
These tetrahedra compose a network of vierer rings arranged
in three types of channels of which two are empty (C1 and
C2) and the third hosts strontium cations that are coordi-
nated with four oxygen atoms and four nitrogen atoms in a
nearly cubic environment. The unit cell is represented with
dashed lines.
∆SCF method while DFPT can deliver the third one, by
computing the phonon modes.
Within the 1D-CCM, computing all phonon modes
with DFPT is not needed, only one relevant effective
phonon frequency is deduced from the ∆SCF method
and the harmonic approximation.
III. RESULTS AND DISCUSSION
A. Structural properties
Based on single-crystal X-ray diffraction data, Hoerder
et al. [5] showed that SALON crystallizes in a tetragonal
phase (space group P42/m) with the unit cell-parameter
a = b equals 7.959 A and c equals 3.184 A with 2 for-
mula units per cell and 18 atoms per primitive cell. The
structure is a variant of the UCr4C4 structure type, well
known in the field of phosphor material to provide a
highly condensed and rigid framework structure [37–40],
with strontium on the corresponding uranium site, alu-
minium and lithium on the corresponding chromium site,
and nitrogen and oxygen on the corresponding carbide
site. Two tetrahedra types form a network hosting the
strontium cations in one of the resulting channels shown
in Fig. 2. The first type, tetrahedra T1, is composed of an
aluminium atom coordinated with three nitrogen atoms
and one oxygen atom forming a [AlON3]
8− unit. The sec-
ond type (tetrahedra T2) is composed of a lithium atom
coordinated with one nitrogen atom and three oxygen
atoms forming a [LiO3N]
8− unit. These tetrahedra form
a network of vierer rings (i.e. four polyhedra connected
to each other forming a ring) arranged in three types of
64f-5d relaxation
Eu
N
O
O N
FIG. 3. Local environment of ground state europium and its
highest 4f occupied orbital (left) compared to the local envi-
ronment of excited state europium and its highest occupied
orbital 5d (right) where one 4f orbital is now unoccupied. The
atomic displacements induced by the electron density change
is displayed in the middle of the figure. The vector’s magni-
tude is multiplied by 30 for visualization.
channels of which two are empty (C1 and C2) and the
third hosts strontium cations that are located at a center
of inversion (C3). Strontium atoms are coordinated with
four nitrogen atoms and four oxygen atoms which gives
a highly symmetrical cube-like coordination.
The structural parameters of undoped SALON com-
puted within DFT are listed in Table I. We observe
a slight overestimation of the structural parameters by
about 0.5-0.7 % which is common of GGA-PBE func-
tionals. When a Sr atom is replaced by an Eu atom in
the doped configuration, we observe that the Eu-O and
Eu-N bond lengths are quite close to the Sr-O and Sr-N
bond lengths, which is reasonable since the experimental
atomic radii of Eu and Sr in their VIII coordination state
are very close; 1.39 and 1.40 A, respectively [41].
To understand the relaxation process just after the 4f-
5d transition, a comparison is performed between the lo-
cal environment of the Eu atom when in the 4f (Ag and
A∗g) state with its local environment when in the 5d state
(A∗e and Ae). For completeness, the atomic positions
of the 54 atoms forming the supercell can be found in
the supplementary Table S1 [22]. The Fig. 3 shows the
displacement of atoms in the vicinity of the europium
during the relaxation in the excited state. A more quan-
titative comparison between the ground and the excited
state environment is provided in Table I. From this, sev-
eral observations can be made on the structural changes
when passing from ground 4f to excited 5d state.
The most notable effect is the decrease of the Eu-N
and Eu-O bond lengths. In Ref. [42], the following ex-
planation is given to explain this effect: the bond length
between an f-element ion in a 4fN configuration and lig-
ands is realized by the interaction between the 5p6 shell
and the ligand’s valence electrons. According to this ref-
erence, when the ion is in a 4fN−15d1 configuration, ad-
ditional covalent interactions appear from the ligand to
the inner 4f hole that shortens the bond length. We
could also argue that the excited Eu2+ in the 4f65d1
configuration gets closer to Eu3+ configuration, leading
to stronger Eu-O and Eu-N bonds, due to both Coulomb
and covalent strengthening. As a consequence of the
FIG. 4. Excited state vector decomposition where Rgs is the
position of the atoms in the ground state and Rex the position
in the excited state.
bond lengths decrease, the volume of the local environ-
ment decreases as well. The acute angle formed by ni-
trogen and europium atoms increases by 0.2776°. In con-
trast, the acute angle formed by the oxygen and europium
atoms decreases by 0.9375°. We attribute these angle
modifications to a change in the electron density around
europium induced by the 4f -5d transition. By decompos-
ing the vector associated to Eu-O/Eu-N bond in excited
state into a parallel and perpendicular component of the
vector associated to Eu-O/Eu-N bond in ground state
(see Fig. 4) we can write
Rex = Rex,‖ +Rex,⊥ = (1 + α)Rgs + βRgs,⊥, (33)
where Rgs,⊥ is defined as a vector of same magnitude
than Rgs and perpendicular to it. The value of α gives an
information on the change along the axis formed by the
ground state vector. The value of β gives an information
on the change perpendicular to the axis formed by the
ground state vector, it indicates how Rex has rotated
with respect to Rgs. For Eu-O bonds, α = −0.0149 and
β = 0.0080 while for Eu-N bonds, α = −0.0127 and
β = 0.0052. From this, it is clear that the dominant
effect is the bond length shortening parallel to the initial
ground state bond. This shortening is bigger for Eu-O
bond. The rotation effect is about two times smaller but
is not negligible nonetheless. Also, we observe a bigger β
for Eu-O bonds, which confirms the bigger angle change.
B. Electronic properties
The electronic band structure and the partial density
of states near the Fermi level of SALON are presented in
Fig. 5, obtained with the relaxed cell parameters. The
electronic structure over the entire energy range can be
found for completeness in the supplemental Fig. S1 [22].
The computed indirect band gap of undoped SALON
is 3.44 eV, underestimating the experimental gap of 4.4
eV [5], a quite standard underestimation, often observed
with local or (semi-)local exchange-correlation function-
als, like the presently used GGA-PBE. Analyzing the
partial DOS allows us to distinguish the following states
with increasing energy: deep and localized 1s states of
lithium and 4s of strontium. Then three characteristic
bands composed of 2s states of oxygen, 4p states of stron-
7Experiment [5] This work
undoped undoped doped ground state doped excited state
a [A] 7.959 8.0126 (+0.67%) 8.0138 (+0.01%) 8.0138 (+0%)
b [A] 7.959 8.0126 (+0.67%) 8.0149 (+0.03%) 8.0149 (+0%)
c [A] 9.552 9.6094 (+0.60%) 9.6116 (+0.02%) 9.6116 (+0%)
X-O length [A] 2.659 2.667 (+0.30%) 2.678 (+0.41%) 2.639 (-1.47%)
X-N length [A] 2.760 2.782 (+0.79%) 2.783 (+0.03%) 2.748 (-1.27%)
O-X-O angle [◦] 73.6 73.819 (+0.30%) 73.672 (-0.20%) 72.734 (-1.29%)
N-X-N angle [◦] 70.5 70.301 (-0.28%) 70.357 (+0.08%) 70.634 (+0.39%)
Polyhedral volume [A3] 30.41 30.87 (+1.49%) 31.114 (+0.78%) 29.951 (-3.88%)
TABLE I. Structural parameters of undoped and doped SALON, either in ground or excited state for a 1×1×3 supercell. The
X symbol refers to strontium when undoped and europium when doped. The percentages in parentheses are calculated with
respect to the previous column.
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FIG. 5. Electronic band structure of undoped SALON near
the fermi level and the associated partial density of states.
tium, and 2s states of nitrogen. The top of the valence
bands are composed of 2p states of oxygen and nitro-
gen with 3p states of aluminium. Finally, the bottom of
the conduction bands is mainly composed of 4d states of
strontium.
Figure 6 shows the band structures of the four char-
acteristic states of the one-dimensional coordinate model
(see Fig. 1). In the ground state, we observe that the
seven 4f states are correctly placed inside the band gap.
In the excited state (A∗g or A
∗
e), only one 4f state is left
in the band gap. This change is a typical feature of the
DFT+U approach. Then we observe one first 5d state,
presenting a 5dz2 character. It shows a small dispersion
along the c-axis coming from a residual interaction be-
tween periodically repeated europium atoms. The high-
est band lying in the band gap presents mostly a 5dx2−y2
character. Figure 7 shows the orbitals associated with the
three bands lying in the band gap of A∗e state (relaxed
structure in the excited state). The occupied 5dz2 that
presents a small bonding character along the c-axis, the
unoccupied 5dx2−y2 band, and the unoccupied 4f band.
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FIG. 6. Electronic band structure of SALON:Eu. Ag, A
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FIG. 7. The Eu atom 4f, 5dz2 and 5dx2−y2 wavefunction norm
squared at Γ in the excited A∗e state.
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C. Vibrational properties
The phonon band structure is computed for the un-
doped primitive cell composed of 18 atoms and shown in
Fig. 8. The phonon frequencies at the zone center and
the irreducible representation of each mode is given in
the supplementary Table S1 [22]. The 54 modes can be
classified into 8 Ag modes, 5 Au modes, 8 Bg modes, 5
Bu modes, 4 doubly degenerated Eg modes and 10 dou-
bly degenerated Eu modes. Born effective charges, low
and high-frequency dielectric tensor were also computed
with a denser 4×4×12 k-point grid to ensure converged
values. The various Born effective charges can be found
in the supplementary table S3 [22]. The electronic con-
tribution to the macroscopic dielectric tensor is found
to be (∞xx, 
∞
yy, 
∞
zz) = (3.966, 3.966, 4.041). For com-
parison, the dielectric constants of the oxide red phos-
phor SrO:Eu and the nitride red phosphor Sr2SiN8 are
respectively (3.76, 3.76, 3.76) and (4.21, 4.60, 4,50) [43].
The low-frequency dielectric tensor includes the response
of the ions, whose motion will be triggered by the elec-
tric field, with values 0xx = 
0
yy = 11.974, 
0
zz = 13.048.
Phonon calculations are also performed in the 54-atom
supercell in order to compare the phonon modes at Γ for
both undoped SALON and doped SALON. The result-
ing partial phonon DOS are presented in Fig. 9. The
corresponding phonon band structures are reported in
supplementary figure S2 [22]. For completeness, a com-
parison between the partial phonon DOS of the undoped
18-atoms primitive cell and the undoped 54-atoms su-
percell is also provided in supplementary figure S3. The
modes with frequencies below 25 meV are dominated by
Eu or Sr vibrations. From 25 meV to 50 meV, modes
involving Al, O, N, and Li are present. From 50 meV to
65 meV, the peaks come essentially from modes involv-
ing the light Li atoms. We have then O and Al that are
involved until 80 meV. Finally, we note that the high-
energy part of the DOS is dominated by modes involving
N atoms. A clear observation is also that the addition
of Eu atoms do not change noticeably the phonon DOS,
except for the low-energy part were the three character-
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FIG. 9. Comparison between the phonon DOS of undoped
SALON and europium-doped SALON.
istics Sr peaks are modified.
D. Luminescent properties
We computed the luminescence properties of undoped
and doped SALON and report the DFT parameters re-
quired for the 1D model in Table II. A comparison with
the similar compound Sr[LiAl3N4]:Eu
2+ (SLA) is pro-
vided using data from Ref. [7]. We first notice that the
computed emission energy of Eem = 1.996 eV is in excel-
lent agrement with the experimental emission spectrum
maximum of Emax = 2.019 eV [5]. Then, by compari-
son with the 15 phosphors studied in Ref. [7], we notice
that SALON exhibits a small Stokes shift ∆S, a small
modal mass M , a small displacement ∆R and conse-
quently the smallest ∆Q. This indicates that the ge-
ometry of the system is not much affected by the 4f-5d
transition. We observe also that the effective vibrational
energies in the ground and excited state are close to each
other, as highlighted by the small ∆C parameters, mean-
ing that the curvature of the Born-Oppenheimer poten-
tial in the ground and excited state are quite similar,
in contrast to SLA. Moreover, these effective vibrational
frequencies are the highest for the whole set of materials.
The combination of a small ground state Condon shift
EFC,g with a high ground state effective vibrational fre-
quency ~Ωg gives the smallest emission Huang-Rhys pa-
rameter Sem. We also note that the Huang-Rhys factor
Sem and phonon frequency ~Ωg are consistent with the
Stokes shift ∆S. As explained in Ref. [44], ∆S = 0.13987
eV should lie between (2Sem − 1)~Ωg = 0.1014 eV and
2Sem~Ωg = 0.1420 eV, which is the case. Finally, the
semi-classical FWHM obtained from Eq. (20), which is
0.128 eV, is quite close to the experimental FWHM at
low temperature of 0.135 eV.
9EZPL Eabs Eem EFC,g EFC,e ∆S ∆C
(eV) (eV) (eV) (eV) (eV) (eV) (eV)
SALON:Eu 2.0668 2.1357 1.9958 0.07104 0.06883 0.13987 -0.0022
SLA:Eu 1 2.038 2.095 1.962 0.076 0.057 0.133 0.019
SLA:Eu 2 2.049 2.16 1.989 0.06 0.111 0.171 0.052
∆Q ∆R M ~Ωg ~Ωe Sem Sabs
(
√
amuA) (A) (amu) (meV) (meV) / /
SALON:Eu 0.5992 0.14714 16.5869 40.668 40.032 1.7468 1.7195
SLA:Eu 1 0.756 0.172 19.28 33.4 29.0 2.63 1.71
SLA:Eu 2 1.222 0.143 73.01 18.3 25.0 3.27 4.46
TABLE II. DFT parameters that are used in the the 1D-CCM model. A comparison is provided with the Sr[LiAl3N4]:Eu
2+
(SLA) compound (two varieties, see Ref. [7])
We now present the results from the multi-dimensional
approach described in Sec. II B. The discrete partial
Huang-Rhys factors Sν are shown for the undoped and
doped case in Fig. 10 along with the spectral decom-
position S(~ω) with a smearing of 5 meV. When com-
paring S(~ω) computed with undoped phonons and Eu-
doped phonons, only a few differences are observed. The
total Huang-Rhys factor S =
∑
ν Sν are respectively
1.599 and 1.604 while the Sem of the 1D-model is 1.747.
The effective frequency defined in Eq. 27 are respectively
40.519 meV and 40.664 meV, agreeing well with the ef-
fective frequency of the 1D-model of 40.668 meV as cal-
culated with Eq. 15. This reveals that the phonon mode
that contributes to the optical transitions are already
present in the undoped material without the addition of
the Eu doping agent. As a result, the undoped modes
of SALON should be sufficient to predict their lumines-
cent properties. This result contrasts with the result of
Alkauskas et al. [11] in which luminescent line-shape of
diamond nitrogen-vacancy center could not be correctly
understood with the phonon modes of the undoped ma-
terial.
We also identify in Fig. 10 five important modes in-
volved in the transition. Modes (A), (B), (C), (D) are
the ones that couples the most while mode (E) was se-
lected because of its high frequency. It is interesting to
note that the four modes that couples the most are below
the effective frequency Ωeff = 40.664 meV. This effective
frequency being thus raised by the numerous modes pre-
senting small coupling at high frequency.
The spectral decomposition S(~ω) is dominated by the
effect of the mode (C) at 33.7 meV which is thus the
mode that couples the most with the optical transition.
Its partial Huang-Rhys factor Sν is 0.354 (22.16 % of the
total Huang-Rhys factor) for undoped SALON and 0.432
(26.97 % of the total Huang-Rhys factor) for the doped
SALON. We provide in Fig. 11 a visualization of the
eigenvectors of the five identified modes (black arrows).
The direction of the atomic displacements induced by the
4f-5d transition is also displayed with blue arrows. For
each mode, the corresponding partial Huang-Rhys fac-
tor Sν is provided. This allows to gain some insights on
why these modes couples so strongly: mode (A) seems to
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FIG. 10. Partial Huang-Rhys factors Sν (Eq. (28)) and spec-
tral decomposition S(~ω) (Eq. (29)) using a 5 meV Lorentzian
broadening with the phonon modes of undoped SALON (up)
and Eu-doped SALON (bottom). The five dominant modes
are emphasized.
be triggered by the displacement of N atoms while mode
(B) is nearly parallel to the displacement of O atoms and
is characterized by a high displacement of the N atoms.
In mode (C), the local environment of the Eu is nearly
breathing around the central atom. This allows to un-
derstand why this mode couples strongly with structural
relaxation accompanying 4f-5d transition that involves
mostly a change in the Eu-O and Eu-N bond length par-
allel to the initial bond. Indeed, the sum of the dot prod-
ucts between blue and black arrows is high. Mode (D)
and (E) are respectively mostly triggered by O and N
atoms.
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FIG. 11. Comparison between the atomic relaxation displace-
ment associated with the 4f-5d transition (blue arrows) with
the eigenvectors of the five mode that couples the most with
this relaxation (black arrows).
The fact that mode (C) dominates the spectral de-
composition is an important result as it confirms the ini-
tial guess of Hoerder et al. [5] that explained the small
FWHM of SALON by invoking the “isotropic structural
relaxation of the Eu2+ in its excited state, which reduces
the number of different states involved in the emission
process”.
Following the generating function approach described
in Sec. II B, the emission spectral function A(~ω) was
calculated based on the spectral decomposition S(~ω)
of doped SALON. A fast Fourier transform algorithm is
used to compute the Fourier transform of the generating
function G(t) which gives the emission spectral function
shown in Fig. 12. This figure allows to identify the dif-
ferent phonon side bands that participate to the emis-
sion spectrum. Participation of the five characteristic
modes that couples strongly are explicitly given. First-
order peaks (emission of one phonon) are pronounced and
some second-order peaks (emission of two phonons) can
be identified. Higher order combinations contribute only
weakly. The weight of the ZPL in the spectra can be sim-
ply calculated wZPL = e
−S ≈ 0.168 meaning that about
16.8 % of the emitted light comes from the zero phonon
line and thus 83.2 % comes from the phonon sidebands.
Finally, A(~ω) is convoluted with a Gaussian function
of fixed FWHM w to obtain the normalized luminescence
intensity L(~ω) = Cω3A(~ω) as shown in Fig. 13. A
comparison with the spectrum obtained within the 1D
(e
V
 -1
)
FIG. 12. Emission spectral function A(~ω) based on the gen-
erating function approach with a Lorentzian broadening of
γ = 5.1011 s−1 ≈ 2 meV, see Eq. (30). It provides a full
decomposition of the spectrum into the zero-phonon line and
the full phonon side-bands.
model using Eq. (23) is provided. We see that at small
w, there is a clear difference between the multi-D and
the 1D model, which is expected since the 1D model is
unable to reproduce the full phonon sideband. However,
as the broadening w of each phonon line increases, the
1D model gets closer to the multi-D model. At w =
60 meV, it appears that the 1D model becomes a fairly
good approximation to the full multi-dimensional calcu-
lation based on a complete phonon decomposition.
We show in Fig. 14 a comparison between luminescence
intensity spectra as a function of the wavelength. The ex-
perimental luminescence intensity spectrum is obtained
at T = 15 K [5]. The theoretically computed ones are ob-
tained at 0 K with both the one-dimensional and multi-
dimensional approaches. For the multi-dimensional one,
after the Jacobian transformation to convert energy to
wavelength and vice-versa [45], we first shifted the the-
oretical curve of 3.5 meV to match the experimental
curve maximum. We then adjusted the parameters w
and γ to minimize the error that we define as the in-
tegral of the absolute difference between the two curves
(in energy scale), normalized by the integral of the ex-
perimental curve. We find that using w = 45 meV and
γ = 7.254.1012 s−1 = 30 meV gives the best fit, and used
these parameters with the unshifted theoretical curve.
The shifted curve can be found in supplementary figure
S5 [22]. Except for a small shift between the two curves
, it can be seen that the shape of the spectrum is very
well reproduced. We proceed similarly with the spectrum
computed with the 1D-CCM, to give the best fit of the
experimental curve. As expected, we observe that the
overall shape of the spectrum is slightly less well repro-
duced than in the multi-D case. We compute that the
error with respect to experimental curve in the 1D-CCM
case is 0.327 while it is 0.225 in the multi-D case. We
leave the extension of our method to finite temperature
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Photon
FIG. 13. Normalized luminescence intensity L(~ω). Black:
multi-dimensional model with a full phonon decomposition.
Dashed blue: 1D model, with a single effective mode. Results
with different Gaussian smearing width w are compared.
Photon
FIG. 14. Luminescence intensity spectrum as a function of
the photon wavelength. Comparison between experimental
spectrum [5] and the theoretical one, as computed in this work
with both one-dimensional and multi-dimensional models.
for future work.
IV. CONCLUSION
In the present work, we characterize the newly dis-
covered narrow-band emission Sr[Li2Al2O2N2]:Eu
2+ red
phosphor from first principles. Experimental structural
parameters are reproduced with less than 1 % error for
undoped SALON. We show that those structural param-
eters are not strongly affected by Eu doping. We also
analyze the structural change of the coordination envi-
ronment of Eu atom when going from ground to excited
state or vice-versa. It appears that the dominant effect
is a shortening of the Eu-O and Eu-N bond length, quite
parallel to the initial bond. A small distortion effect due
to angle changes is also observed. At the level of the
electronic structure, the ∆SCF method is able to cor-
rectly place the 4f and 5d states in the band gap. The
lowest 5d state is identified as presenting a 5d2z character
with a small dispersion along the z-axis due to the inter-
action between neighboring Eu atoms, a consequence of
the high doping rate used in our calculation. We compare
the phonon density of state (PDOS) of undoped SALON
and Eu-doped SALON. It appears that the addition of
Eu induces only modifications in the low-frequency range
of the PDOS.
Concerning the luminescent properties, we show that
SALON presents a small effective displacement between
excited and ground state, a high effective frequency re-
sulting in a small Huang-Rhys parameter of Sem = 1.75.
This small coupling yields ultimately a small band width.
By projecting the atomic displacements induced by 4f-5d
transition onto the phonon eigenvectors, we are able to
identify the phonon mode at 33.7 meV to be the one that
couples the most with the electronic structure change
(about 27 % of the total Huang-Rhys factor). This
mode presents a breathing pattern of the first anion shell
around the central Eu atom. Analyzing the electron-
phonon spectral decomposition allowed us to confirm
the initial guess of Hoerder et al. [5] that argued that
the isotropic structural relaxation, coming from the high
symmetry environment of Eu2+, reduces the number of
different vibrational states involved in the emission pro-
cess. We also find that using the phonon modes of the
undoped material does not affect noticeably the spectral
decomposition. This observation is important because it
means that the phonon modes dominating the emission
process are already present in the undoped material.
Finally, we compute the luminescence intensity spec-
trum based on this phonon decomposition and compare
it with the spectrum obtained with the simpler one-
dimensional approach. We conclude that the 1D ap-
proach becomes very close to the full multi-D approach
as long as the broadening of each line, the only free
parameter of this multi-D model, is high enough. The
shape of our theoretical spectrum agrees also well with
the experimental one. These results are important in
two aspects: first, they directly provide a theoretical
understanding of the observed experimental spectrum.
Secondly, the success of the methodology used provides
confidence in its potential applicability in the theoreti-
cal study of other important phosphors and their lumi-
nescent intensity spectra. It could be for instance in-
teresting to apply this multi-dimensional approach to a
low-temperature phosphor emission spectrum that still
presents an apparent vibronic fine structure, allowing a
further validation of the computational methodology.
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Figure S1: Left: Electronic band structure of undoped SALON in an extended energy range.
Right: corresponding partial density of states. With increasing energy, we observe: deep and
localized 1s states of lithium and 4s of strontium. Then three characteristic bands composed
of 2s states of oxygen, 4p states of strontium, and 2s states of Nitrogen. Near the Fermi level,
we have a big stack composed of 2p states of oxygen and nitrogen with 3p states of aluminium.
Finally, the bottom of the conduction bands is mainly composed of 4d states of strontium.
1
2 Atomic positions
Ground state Excited state
Atom x y z x y z
Li 1.00635 6.59559 1.60195 1.00415 6.59705 1.60199
Li 1.00584 6.59765 4.80557 1.01304 6.59609 4.80835
Li 1.00583 6.59763 8.00988 1.01317 6.59606 8.00707
Li 7.00162 1.41928 1.60195 7.00967 1.41782 1.60199
Li 7.00213 1.41723 4.80557 7.00078 1.41878 4.80835
Li 7.00214 1.41724 8.00988 7.00065 1.41881 8.00707
Li 1.41916 1.00943 0.00244 1.42065 1.01455 -0.00394
Li 1.41918 1.00941 3.20141 1.42059 1.01449 3.20780
Li 1.41855 1.00893 6.40773 1.41838 1.00776 6.40763
Li 6.58881 7.00544 0.00244 6.59317 7.00033 -0.00394
Li 6.58879 7.00546 3.20141 6.59323 7.00038 3.20780
Li 6.58942 7.00594 6.40773 6.59544 7.00711 6.40763
N 4.67921 5.84388 0.00056 4.68069 5.82941 -0.01227
N 4.67936 5.84375 3.20330 4.68064 5.82951 3.21620
N 4.67816 5.84412 6.40772 4.66874 5.83994 6.40788
N 3.32876 2.17099 0.00056 3.33313 2.18546 -0.01227
N 3.32861 2.17112 3.20330 3.33318 2.18536 3.21620
N 3.32981 2.17075 6.40772 3.34508 2.17494 6.40788
N 2.16757 4.68349 1.60192 2.17815 4.68690 1.60203
N 2.16954 4.68259 4.80415 2.13968 4.68534 4.81925
N 2.16968 4.68271 8.01133 2.13967 4.68541 7.99644
N 5.84040 3.33138 1.60192 5.83567 3.32798 1.60203
N 5.83843 3.33229 4.80415 5.87414 3.32953 4.81925
N 5.83829 3.33216 8.01133 5.87415 3.32946 7.99644
O 2.04980 7.15433 0.00071 2.05635 7.15634 -0.00664
O 2.04994 7.15421 3.20339 2.05602 7.15626 3.21057
O 2.04960 7.15423 6.40754 2.05272 7.16365 6.40749
O 5.95817 0.86054 0.00071 5.95747 0.85854 -0.00664
O 5.95803 0.86067 3.20339 5.95780 0.85861 3.21057
O 5.95837 0.86065 6.40754 5.96110 0.85122 6.40749
O 0.85764 2.05429 1.60172 0.87846 2.02280 1.60177
O 0.86061 2.04515 4.80190 0.85347 2.06471 4.84283
O 0.86071 2.04535 8.01365 0.85337 2.06481 7.97211
O 7.15033 5.96059 1.60172 7.13536 5.99208 1.60177
O 7.14736 5.96972 4.80190 7.16035 5.95016 4.84283
O 7.14726 5.96953 8.01365 7.16045 5.95007 7.97211
Al 2.82721 5.48269 0.00131 2.82244 5.47822 -0.00348
Al 2.82728 5.48262 3.20259 2.82240 5.47828 3.20756
Al 2.82523 5.48185 6.40769 2.81758 5.48669 6.40774
Al 5.18076 2.53218 0.00131 5.19137 2.53665 -0.00348
Al 5.18069 2.53225 3.20259 5.19142 2.53660 3.20756
Al 5.18275 2.53302 6.40769 5.19624 2.52819 6.40774
Al 2.52987 2.83102 1.60190 2.53257 2.83415 1.60202
Al 2.53027 2.82936 4.80604 2.53033 2.83628 4.81835
Al 2.53036 2.82942 8.00945 2.53027 2.83637 7.99715
Al 5.47811 5.18385 1.60190 5.48125 5.18072 1.60202
Al 5.47771 5.18551 4.80604 5.48349 5.17859 4.81835
Al 5.47761 5.18545 8.00945 5.48355 5.17851 7.99715
Sr 4.00691 0.00000 1.60179 4.00691 0.00000 1.60198
Sr 4.00691 0.00000 4.80577 4.00691 0.00000 4.80685
Sr 4.00691 0.00000 8.00983 4.00691 0.00000 8.00890
Sr -0.00292 4.00744 0.00132 0.00000 4.00744 -0.00799
Sr -0.00292 4.00744 3.20279 0.00000 4.00744 3.21178
Eu -0.00292 4.00744 6.40777 0.00000 4.00744 6.40770
Table S1: Cartesian positions (in A˚) of the 54 atoms composing the 1x1x3 supercell doped with
one Europium either in its 4f ground state or in its 5d excited state
2
3 DFPT calculations
Table S2 presents the results of the calculation of the phonon frequencies at Γ point. For each
mode, the associated irreducible representation and frequency are given. Letters A and B are
for non-degenerate (single) modes where we have only one set of atom vector displacement for
a given wavenumber ω. A indicates a symmetry with respect to the principle rotation axis (z
here). B indicates an anti-symmetry with respect to the principle rotation axis. Letter E refers
to doubly degenerated modes (two sets of atom vector displacements for a given wavenumber
ω). The subscripts g and u refer to a mode that is respectively symmetric or anti-symmetric
to inversion. Among the 54 modes (18 atoms in 3 dimensions), we observe 8 Ag modes, 5 Au
modes, 8 Bg modes, 5 Bu modes, 4 doubly degenerated Eg modes and 10 doubly degenerated
Eu modes.
Phonons frequencies
at Γ (cm−1) - Irre-
ducible representation
Phonons frequencies
at Γ (cm−1), direction
Γ −X (0 1 0)
Phonons frequencies
at Γ (cm−1), direction
Γ − Z (0 0 1)
-0.01 Eu 391.51 Eu -0.01 Eu 391.51 Eu -0.01 Eu 391.51 Eu
-0.01 Eu 391.51 Eu -0.01 Eu 393.36 Eu -0.01 Eu 391.51 Eu
0.00 Au 407.33 Ag 0.00 Au 407.33 Ag 0.00 Au 407.33 Ag
82.00 Bu 424.91 Au 82.00 Bu 424.91 Au 82.00 Bu 428.80 Eg
110.02 Au 428.80 Eg 110.02 Au 428.80 Eg 124.72 Eu 428.80 Eg
124.72 Eu 428.80 Eg 124.72 Eu 428.80 Eg 124.72 Eu 434.58 Bu
124.72 Eu 434.58 Bu 128.74 Eu 434.58 Bu 140.29 Au 462.48 Au
166.15 Bg 472.14 Eu 166.15 Bg 472.14 Eu 166.15 Bg 472.14 Eu
169.03 Eu 472.14 Eu 169.03 Eu 476.57 Eu 169.03 Eu 472.14 Eu
169.03 Eu 477.39 Ag 179.25 Eg 477.39 Ag 169.03 Eu 477.39 Ag
179.25 Eg 497.27 Bg 179.25 Eg 497.27 Bg 179.25 Eg 497.27 Bg
179.25 Eg 510.37 Eu 188.13 Ag 510.37 Eu 179.25 Eg 510.37 Eu
188.13 Ag 510.37 Eu 192.00 Eu 517.97 Ag 188.13 Ag 510.37 Eu
205.37 Bg 517.97 Ag 205.37 Bg 555.00 Bg 205.37 Bg 517.97 Ag
231.08 Bu 555.00 Bg 231.08 Bu 569.16 Eu 231.08 Bu 555.00 Bg
276.46 Au 620.09 Eu 276.46 Au 620.09 Eu 283.30 Au 620.09 Eu
284.19 Bg 620.09 Eu 284.19 Bg 637.97 Au 284.19 Bg 620.09 Eu
300.53 Eu 637.97 Au 300.53 Eu 644.66 Eg 300.53 Eu 644.66 Eg
300.53 Eu 644.66 Eg 301.06 Eu 644.66 Eg 300.53 Eu 644.66 Eg
317.55 Eg 644.66 Eg 317.55 Eg 645.55 Bu 317.55 Eg 645.55 Bu
317.55 Eg 645.55 Bu 317.55 Eg 667.69 Ag 317.55 Eg 667.69 Ag
323.22 Eu 667.69 Ag 323.22 Eu 669.15 Bg 323.22 Eu 669.15 Bg
323.22 Eu 669.15 Bg 327.75 Ag 680.00 Eu 323.22 Eu 705.31 Ag
327.75 Ag 705.31 - Ag 347.13 Bu 705.31 Ag 327.75 Ag 738.11 Bg
347.13 Bu 738.11 Bg 358.13 Ag 738.11 Bg 347.13 Bu 759.55 Eu
358.13 Ag 759.55 Eu 361.79 Eu 759.55 Eu 358.13 Ag 759.55 Eu
371.75 Bg 759.55 Eu 371.75 Bg 811.27 Eu 371.75 Bg 807.21 Au
Table S2: Phonon frequencies at gamma in cm−1 and irreducible representation. The first
column gives the frequencies when non-analytical contributions are ignored (TO modes only).
The second column gives the frequencies at Γ along (0 1 0) direction where we note the splitting
of the doubly degenerate Eu modes (in bold). The third column gives the frequencies at Γ along
(0 0 1) direction where we note the shifts of Au modes (in bold).
3
Li1 and Li2 Li3 and Li4 N1 and N21.20 0.02 00.04 0.99 0
0 0 0.89
  0.99 −0.04 0−0.02 1.20 0
0 0 0.89
 −2.35 0.11 00.16 −2.27 0
0 0 −2.88

N3 and N4 O1 and O2 O3 and O4−2.27 −0.16 0−0.11 −2.35 0
0 0 −2.88
 −1.89 0.06 00.04 −2.57 0
0 0 −1.88
 −2.57 −0.04 0−0.06 −1.89 0
0 0 −1.88

Al1 and Al2 Al3 and Al4 Sr11.99 0.11 00.04 2.33 0
0 0 2.58
  2.33 −0.04 0−0.11 1.99 0
0 0 2.58
 2.04 0.11 00.16 3.11 0
0 0 2.58

Sr2 3.11 −0.16 0−0.11 2.04 0
0 0 2.58

Table S3: Born effective charge tensor of each atom
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Figure S2: Comparison between the phonon band structure of the 1×1×3 supercell (54 atoms)
of undoped SALON (left) and doped SALON (right).
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Figure S3: Comparison between the partial phonon DOS of the primitive 18-atoms undoped
cell computed with a 2×2×6 q-points grid (left) and the partial phonon DOS of the 54-atoms
undoped supercell computed only at Γ point.
4
0.00 0.02 0.04 0.06 0.08 0.10
Frequency (eV)
0
500
1000
1500
2000
2500
3000
Ph
on
on
 D
O
S 
(s
ta
te
s/
eV
)
18 atoms, q grid = 2 × 2 × 6
54 atoms, q grid = 1 × 1 × 1
0
10
20
30
40
50
In
te
gr
at
ed
 D
O
S 
(s
ta
te
s)
0.00 0.02 0.04 0.06 0.08 0.10
Frequency (eV)
18 atoms, q grid = 1 × 1 × 3
54 atoms, q grid = 1 × 1 × 1
Figure S4: Left: Comparison between the phonon DOS and integrated DOS (iDOS) of the
primitive cell (18 atoms) computed with a 2×2×6 q-grid and the one of the supercell (54 atoms)
computed with a 1×1×1 q-grid (only Γ point). It can be seen that dividing by three the q-
grid density does not affect considerably the phonon DOS and has a negligible influence on the
integrated DOS. Adimensional error (defined as the integrated absolute difference between the
two iDOS normalized by the total number of states and maximum frequency) is 0.0018. Right :
Comparison between primitive and supercell phonon DOS with same q-grid density. As expected,
same q-grid density (right panel) leads to nearly identical phonon DOS and integrated DOS. DOS
and integrated DOS of the supercell were divided by three to allow a meaningful comparison.
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Figure S5: Comparison between the experimental luminescence intensity spectrum (red) of SA-
LON and the ones theoretically computed in this work (blue and black). The blue and black
curves were shifted so that the peak maximum of each curve coincide. By defining the error
as the integral of the absolute difference between the experimental and Multi-D/1D curve (in
energy scale), normalized by the integral of experimental curve, we obtain an error of 0.3269 for
1D spectrum and 0.2247 for multi-D spectrum.
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